Lateral roots are initiated postembryonically in response to environmental cues, enabling plants to explore efficiently their underground environment. However, the mechanisms by which the environment determines the position of lateral root formation are unknown. In this study, we demonstrate that in Arabidopsis thaliana lateral root initiation can be induced mechanically by either gravitropic curvature or by the transient bending of a root by hand. The plant hormone auxin accumulates at the site of lateral root induction before a primordium starts to form. Here we describe a subcellular relocalization of PIN1, an auxin transport protein, in a single protoxylem cell in response to gravitropic curvature. This relocalization precedes auxin-dependent gene transcription at the site of a new primordium. Auxin-dependent nuclear signaling is necessary for lateral root formation; arf7/19 double knock-out mutants normally form no lateral roots but do so upon bending when the root tip is removed. Signaling through arf7/19 can therefore be bypassed by root bending. These data support a model in which a root-tip-derived signal acts on downstream signaling molecules that specify lateral root identity.
P
lants are immobile, with the vast majority relying on the mechanical support an extensive root system provides. Lateral roots, formed by postembryonic initiation and development, grow in response to specific environmental cues. In this way, a plant can optimize nutrient and water uptake, whilst avoiding physical obstacles. Thus, root architecture, an important agronomic trait, is to a large extent determined by the environment.
Lateral root initiation (LRI) is dependent on the coordinated action of many genes. Although more than seventy genes of Arabidopsis thaliana have been shown to affect lateral root development, auxin and its polar transport have emerged as central regulators (1, 2) . For example, specific Aux/IAA transcriptional regulators appear necessary for lateral root growth. The gain-offunction mutation solitary root (slr-1) encodes a stabilized form of one such Aux/IAA protein, IAA14, which binds and constitutively represses two auxin response factors (ARF7 and ARF19), transcriptional activators also required for lateral root development (3) . Consequently, slr-1 plants form no lateral roots. A third gene family, named LATERAL ORGAN BOUNDARIES-DOMAIN (LBD), has also been implicated in auxin-dependent LRI, with LBDs 16 and 29 acting as downstream effectors of ARF7 and ARF19 (4) . Although some very early events in lateral root development such as cell division, redirection of auxin flux and cell differentiation are well documented (1, 2) , the factors that determine where a new root will be initiated are unknown. Recent work has revealed a genetic basis for the initiation of lateral roots. Root waving, LRI, and a temporal pattern of auxin maxima (as measured by the auxin-sensitive DR5 promoter) are correlated in the root tip, resulting in lateral roots being spaced along the main axis in a regular left-right alternating pattern. Under standardized experimental conditions which negate any extrinsic environmental effect on LRI, it has been proposed that fluctuations in auxin distribution might mediate the lateral roots' regular longitudinal spacing (5) .
How are these cues integrated to shape the root system in response to the environment? The following experiments demonstrate that LRI is a consequence of root bending, either in response to gravity or by direct manipulation. Here, we report on the series of molecular events that follow lateral root induction, with respect to auxin transport, auxin signaling, and the acquisition of stem cell identity within the new lateral root primordium.
Results and Discussion
Lateral Root Positioning is Consistent with Root Shape. To investigate the basis for the interaction between root architecture and the environment, we first examined the relationship between mechanical strain and LRI. It is known that in A. thaliana, when grown on hard agar plates tilted at 45°, lateral root establishment coincides with a waving pattern in the growing root, with lateral roots always emerging on the convex side of a wave (5) . Both waving and the gravitropic response in roots are mediated by differential growth. This causes a reorientation of the root tip toward the gravity vector and results in root bending. We therefore tested whether changing the direction of root growth by rotating plants through an angle of 135°affects lateral root formation. We observed the initiation of a lateral root at the convex side of the gravity-induced curve [supporting information (SI) Fig. S1 ]. Auxin is a major regulator of lateral root development; the transcription of primary auxin response genes is among the first events of LRI (5) . We therefore analyzed the formation of auxin-response maxima during gravitropic curvature. Here, the auxin-sensitive DR5::GUS reporter fusion marked sites of LRI (Fig. S1B) . Before rotation, DR5-driven nuclear-localized YFP (pDR5rev::3XVENUS-N7) fluorescence in the distal elongation zone, was seen mainly in the protoxylem cell files, distributed equally between both poles (Fig. S2D) . Five hours after rotation, the signal was detected in the epidermis and cortex of the concave side in the elongation zone as previously described (6) . After the same time, an unequally distributed DR5 signal was observed also in the elongation zone, in protoxylem cells and predominantly in the xylem pole of the convex side of the root (Fig. 1B) .
We then tested whether a gravitropic response in the root meristem is necessary for LRI. We analyzed LRI in two agravitropic genotypes: aux1-7 and eir1-1, each lacking an auxin transport protein (7, 8) . These proteins AUX1 and PIN2, are also required for proper lateral-root spacing. We observed that in both genotypes, when visible, lateral roots developed on the convex side of curves in 100% of roots analyzed (n ϭ 75) (Fig. S3 ). This strict correlation was also seen when aux1-7 roots or eir1-1 roots formed loops (n ϭ 75) (Fig. S3) . We therefore conclude that lateral root positioning is consistent in relation to root shape, even in the absence of a gravitropic response.
LRI Is Induced by Transient Manual Bending.
To test the hypothesis that LRI is caused by mechanical changes to the root, a rootbending assay was developed. When 10-day-old roots were bent with fine forceps through 135°and immediately returned to their original position, we detected DR5-driven GUS activity at the site of the bend after five hours, on the side that was convex when bent (Fig. 2B) . Lateral root emergence then proceeded normally at the site of bending, with a lateral root emerging after 72 hours (Fig. 2C) . Seventy percent of roots (n ϭ 45) responded in this way when bent within 1 mm of the root tip and only forty percent (n ϭ 40) when bent 3 mm away from the root tip. Fifteen percent (n ϭ 33) of unbent control roots developed a lateral root 1 mm behind the tip and only 5% did so further away (3 mm) . These data demonstrated that the application of a mechanical force induces LRI. The fact that, after bending, lateral roots were never positioned on the concave side of the main root at the time of bending (in contrast to the regular left-right pattern observed in unbent roots) rules out the possibility that lateral initiation coincides with, but is independent from, root bending. Moreover, these data showed that the efficiency of LRI was dependent on distance from the root tip.
Coordination of the Early Events of LRI.
To correlate DR5 expression with the expression of WOX5, a marker of the root quiescent center (9), pDR5::GFP plants (6) were subjected to a modified bending assay (Fig. 3A) . Here, roots were bent 1 mm behind the tip until the tip touched the rest of the root and immediately released. Roots then settled unaided to an angle of between 30°and 90°with respect to their original position. As with the first bending method described above, LRI and development proceeded normally. In all root bending assays, the growth rate of the main was unaffected indicating that no significant damage was caused by the bending (Table S1 ). In 80% (n ϭ 25) of the roots analyzed, we detected pDR5::GFP expression at between five and six hours after root bending on the convex side of the curved root, at the site of the newly initiated lateral root. A GFP signal was simultaneously observed in the protoxylem, in two cells of the adjacent pericycle (the cell layer from which lateral roots are formed) and in either two or three cells of the endodermis (Fig. 3A) .
The homeobox gene WOX5, is expressed in the quiescent center of the root tip and is required for stem cell maintenance in the root meristem (9) . We constructed a pWOX5::GFP reporter and analyzed its expression in response to manual root bending. We detected WOX5 promoter activity in two pericycle cells at the site of LRI from five hours after a bending stimulus (Fig. 3 B-E) . Auxin induces WOX5 expression (10) . The simultaneous transcription from DR5 and WOX5 promoters in the pericycle suggests auxin acts very early to specify the quiescent center of the new lateral root.
Signals from the Shoot or Root Tip are Not Required for LRI. In a two-phase model which has been used to explain lateral root formation during early seedling development, (i) lateral root primordium (LRP) initiation is dependent on an auxin source in the root tip, and (ii) LRP emergence is dependent on leafderived auxin (11) . Roots of control pDR5::GFP plants, with shoots and root tips intact, were subjected to the second bending assay (Fig. 4) . After a recovery time of 24 h, a stage II primordium (after the first periclinal cell division, classification after ref. 12 ) was observed at the site of the bend (Fig. 4B) ; GFP fluorescence was detected exclusively at the convex side of the bent root in differentiating xylem cells, the lateral root primordium cells, and in the adjacent endodermis. After two days, 8% of bent regions had emerged lateral roots (Table S2) .
To test whether a signal from the shoot is necessary for LRI, we subjected to bending pDR5::GFP plants 24 h after the removal of their aerial tissues (Fig. 4 D-F) . After a further 24 h, GFP fluorescence was detected as described for the uncut root (Fig. 4E) . However, lateral root primordium development was arrested at stage I, the stage at which the first asymmetric anticlinal cell division is observed (Fig. 4E , Table S2 ). Subsequently, the root primordia did not develop, even after a further five days (Fig. 4F) . However, when transferred onto growth medium supplemented with 1 M IAA, plants first developed a single lateral root at the convex side of the bend in every case (Fig. S4H ).These results prove that auxin from the shoot is not necessary for LRI by mechanical stress, but is required for subsequent primordium outgrowth, consistent with results recently reported elsewhere (13) .
To test whether the basipetal transport of solutes from the root tip could regulate LRI after root bending, seedlings were bent after the removal of their root apical meristems (Fig. 4 G-I) . After 24 h, this resulted in a larger number of lateral root primordia being initiated between the cut and the site of mechanical bending ( Fig.  4 G and I) . Furthermore, these primordia developed more rapidly than lateral roots of plants with intact root tips, reaching stage III (a primordium of three cell layers) after 24 h (Fig. 4H ). After two days, 100% of bent regions had emerged lateral roots (Table S2) . Therefore, the root tip had an inhibitory effect on the initiation and subsequent development of lateral root primordia after bending.
Lateral root development is disrupted by increased cytokinin concentration (14) . However, it is unlikely that cytokinins form this tip-derived inhibitory signal. Bending a root with its tip removed in presence of 100 nM N-benzyladenine (6-BA), a cytokinin concentration known to inhibit lateral root development (14) , did not influence the number, the position or the frequency of initiation events (Fig. S5) .
To test whether this increase in lateral root number could have been caused by the removal of the major auxin sink following excision of the root apex and subsequent accumulation of auxin in the distal elongation zone, we removed both the shoot and the root tip of DR5::GUS plants, using the previously described treatments as controls. In this case, lateral roots were initiated and arrested at either stage II or stage III ( Fig. S4D, Table S2 ); LRI therefore proceeded in a similar manner in the absence of an aerial auxin source, or a root tip-driven auxin sink. When repeated in the presence of 1 M IAA, lateral roots proliferated, but never emerged on the concave side of bends (Fig. S4K) . These results indicate that a balance between auxin from the shoot and an as yet unidentified signal from the root tip controls LRI and emergence.
The Role of Auxin Transporters in LRI. It has been shown that lateral roots of the aux1 genotype are formed in an unequal left-right distribution along the main root and do not develop on every curve (5), with nine-day-old aux1-7 seedlings forming approximately half the number of lateral root primordia than wild type (WT); aux1-7 LRP also display a developmental delay in the transition from stage I to stage II (15) . These data are consistent with our observation that a pAUX1::AUX1-YFP reporter is only induced in pericycle cells at the site of LRI seven hours after a bending stimulus (at the time a stage I LRP is formed), supporting the hypothesis that AUX1 is not directly involved in the first events of LRI but in the development of stage I primordia (Fig. S6) . That aux1 seedlings form less LRP in total could be related to a permissive function of a background expression of AUX1 observed in the vasculature of the region in which lateral roots are formed or to other associated functions, for example in post-phloem unloading in the root tip (16) or auxin loading in shoot tissues (15) (Fig. S6) .
We observed that lateral root induction by mechanical stress was also less efficient in both eir1-1 and aux1-7 when compared to WT; approximately half of the aux1-7 and eir1-1 seedlings developed lateral roots (Table S3 ). To test whether abnormal auxin transport from the root apical meristem of aux1-7 or eir1-1 precludes normal lateral root distribution, we removed the root tip in these genotypes. In this case, both mutants developed lateral roots in response to bending with an increased frequency (Table S3 ). We therefore conclude that LRI by mechanical stress is independent of AUX1 and PIN2, but the root tip is necessary for subsequent lateral root outgrowth.
We analyzed DR5-dependent gene expression to visualize lateral root primordia in the eir1-1 genotype (Fig. S4 I and J) . After bending intact eir1-1DR5::GUS roots, all displayed lateral root primordia at the expected position on the convex side of curves, proving that LRI per se is not dependent on the action of PIN2 (Fig.  S4 I and J) . Taken together, these results suggest that LRI is a direct consequence of root bending. These data lead us to hypothesize that a physical strain caused by either manual root bending or gravitropic curvature initiates a lateral root.
PIN Proteins Direct Auxin Flux to the Site of LRI.
Both the gravitropic response and manual bending result in an asymmetric distribution of DR5-dependent transcription in differentiating xylem cells, but in different regions of the root (Fig. S1 and Fig. 2) . However, unlike younger vasculature in the elongation zone, the xylem cells affected by the manual bending assay do not express an important auxintransport related protein, PIN1. We therefore used the more physiologically relevant gravitropic induction of LRI to examine local auxin transport dynamics shortly before the initiation of lateral root primordia.
First, we inspected root tips (n ϭ 30) of straight-grown four-dayold seedlings (Fig. S2 ). PIN1 and PIN2 localization were used to indicate the direction of auxin flux (17) . Throughout the stele, and in the endodermis and cortex of the meristematic zone, PIN1 was localized exclusively to the basal (lower) membrane of cells (17) (Fig. S2 A) . In the elongation zone (as defined by the slightly bigger size of the cells), PIN1 was absent from the cortex. Here, PIN1 was localized in the basal membrane of endodermal cells (Fig. S2 A) . In the pericycle cell file of the elongation zone, PIN1 was localized both basally and laterally toward provascular cell file. In the meristematic zone, PIN2 was localized apically (at the top of cells) in epidermis and lateral root cap cells, and co-localized with PIN1 in the basal (lower) membrane of cortex cells forming a previously reported loop of auxin flow (17) (Fig. S2B) . PIN2 was absent from the endodermis of the meristematic zone. Further from the root tip but still in the meristematic zone, PIN2 was localized apically in the epidermis, directing auxin toward the distal elongation zone. Between the meristematic and elongation zones, PIN2 was localized to both the apical and basal side of one, and sometimes two cortical cells. In the epidermis and cortex of the elongation zone, PIN2 was localized increasingly apically as the distance from the root tip increased. In the endodermis of the elongation zone, PIN2 was localized laterally toward the stele in four or five cells (Fig. S2B) . In the stele, PIN2 was entirely absent.
These data revealed the presence of an as yet unreported loop of auxin flux in 100% of the plants, with PIN2 and PIN1 directing auxin toward the stele in the lower part of the elongation zone through the endodermis and pericycle respectively (Fig. S2C ). In accordance with these observations, auxin (as visualized by a DR5 reporter fusion) is localized to both protoxylem cell files throughout the root tip (Fig. S2D) .
The presence of this PIN-dependent route by which auxin can be circulated to the elongation zone is potentially significant for the recently proposed genetically preprogrammed ''priming'' of pericycle cells necessary for LRI (5) , and should be taken into account when designing future mathematical models to predict PINdependent auxin flux in the root tip.
PIN1
Relocalizes at the Site of LRI upon Gravitropic Curvature. Three hours after plants were rotated through 135°, significant changes in PIN1 localization in the root tip were observed. PIN1 was seen on both the apical and basal side of a single protoxylem cell on the convex side of the of the elongation zone after 3 h in 70% (n ϭ 25) of the seedlings, (Fig. 1 A [double-headed arrow], Fig. S7 ) and was present on only the apical side of between 1 and 3 basipetal protoxylem cells on the convex side of the curving root after 5 h (Fig. 1B, Fig. S7 ). In these protoxylem cells, the gravity-induced change in PIN1 subcellular localization preceded by 2 h the asymmetrical distribution of DR5-driven nuclear-localized YFP (pDR5rev::3XVENUS-N7) fluorescence in the protoxylem poles of the bending region (Fig. 1B) compared to the unbent control (Fig.  S2D) . These data are consistent with a relocalization of PIN1 in response to gravitropic curvature serving to maintain locally auxin concentration in a specific developing xylem cell. PIN1 has been shown previously to mediate lateral root emergence (2) . The relocalization reported here therefore represents a second, earlier mechanism by which PIN1 might influence lateral root development. Three hours after bending, in the protoxylem on the convex side of the curve, a diffuse cytosolic PIN1 localization was observed to be restricted to the cell immediately above that showing PIN1 on both sides (Fig. 1 A) . After 5 h, PIN1 was lost entirely from the protoxylem cell in which this diffuse cytosolic localization was observed (Fig. 1B [asterisk] ).
Changes in PIN1 localization in the pericycle in response to gravitropic curvature are restricted to the concave side of bends. Here, a similar diffuse cytosolic PIN1 signal was observed, but close to the lateral wall in contact with the vasculature (Fig. 1 A [hash] ). This change in subcellular localization corresponded to a relatively weak pDR5rev::3XVENUS-N7 signal (Fig. 1B) in adjacent vascular cells when compared to similar cells on the convex side of the root.
These data suggest that gravitropic root curvature initiates positional cues in the protoxylem cell file which determine the site of LRI. These cues act on an endogenous signaling cascade which changes the subcellular localization of PIN1 in the elongation zone. An investigation into decreased lateral root formation in weak alleles of the GNOM gene (which encodes an ARF-GEF necessary for PIN1 function) predicted that a relocalization of PIN1 in the pericycle would be necessary for LRI (18) . Although in our studies, no relocalization was observed in the pericycle before the accumu-lation of a DR5-dependent signal, we suggest that a similar function can be attributed to PIN1 relocalization in the subtending protoxylem cell file. In contrast to the gnom phenotype, overexpression of PIN1 in 35S::PIN1 plants initiates more primordia (2) , suggesting that PIN1 is important for LRI. However, plants of the pin1 genotype initiate no fewer lateral roots than WT plants. This suggests a degree of functional redundancy among PIN proteins in lateral root development.
The relocalization of PIN1 upon bending in protoxylem cells is predicted to focus auxin into the basipetal neighboring protoxylem cell. In the adjacent pericycle cells, PIN1 is localized to the lateral membrane; also directing auxin into the same single protoxylem cell and further increasing the auxin concentration therein. An increase in auxin concentration would be expected to inhibit the internalization of PIN1 (19) . However, in this cell (into which PIN1 focuses auxin flux and is therefore inferred to contain an auxin concentration maximum), PIN1 becomes internalized. This unexpected response could be a specific adaptation for LRI.
We then tested whether gravity-induced PIN1 relocalization in the protoxylem is dependent on auxin signaling. ARFs are transcriptional regulators of early auxin response genes (20) . The arf7arf19 double mutant is severely impaired in lateral root formation, a phenotype not observed in arf7 and arf19 single mutants, indicating that lateral root formation is redundantly regulated by ARF7 and ARF19 (21) . Arf7/19 double knockout plants (nph4-1arf19-1) were rotated through 135°. At the convex side of the induced bend, PIN1 was observed at the apical and basal side of a single protoxylem cell after 5 h in 7 of 8 seedlings analyzed (Fig.  S2E-G) . No other PIN1 relocalization was observed. Nph4-1arf19 plants are mildly agravitropic, explaining why PIN1 relocalization occurred after 5 h, as compared to after only 3 h in WT plants. We therefore conclude that the first stage of LRI, a gravity-induced PIN1 relocalization in cells of the elongation zone, is independent of ARF7 and ARF19. These transcription factors are therefore necessary for later stages of lateral root development. The LRI signaling events before the relocalization of PIN1 are unknown. However, several candidate signaling components can be suggested. For example, cortical microtubule reorganization and mechanosensory ion channels could relay physical perturbations into a physiological response (22) .
Root Bending Induces Lateral Roots in Auxin-Insensitive Lateral RootDeficient Genotypes. After its inferred accumulation at the site of an incipient lateral root primordium, auxin induces gene transcription to trigger lateral root growth. As the first stages of LRI are independent of ARF7 and ARF19, we examined at which stage of lateral root development these proteins are involved. We bent roots of two classes of auxin signaling mutants: aux/iaa and arf. The gain-of-function mutant solitary root is impaired in its gravitropic response, synthesizing a stabilized form of IAA14, an Aux/IAAfamily negative regulator of auxin signaling (23) . This mutation also prevents the formation of lateral roots and root hairs (Fig. S8A) . Manual bending induces a lateral root in the slr-1 mutant background in 10% of cases (Fig. S8 B and C) . These lateral roots are initiated in an identical manner to the WT after manual bending. Root hairs are also initiated in slr-1 upon bending. However, they do not develop normally and form densely packed balloon-like structures (Fig. S8D) .
To infer the expression pattern of IAA14 in mechanically stimulated roots, we stained pIAA14::GUS plants. In unbent plants, we observed GUS activity in the lateral root cap and in epidermal cells of the distal elongation zone (Fig. S8E) . Upon manual bending 1.5 mm from the root tip, GUS activity was retained in epidermal cells on the concave side of the bend and detected in pericycle cells in contact with the xylem pole on the convex side of the root at the site of bending (Fig. S8H) . Activity of the IAA14 promoter was subsequently down-regulated upon the first cell divisions in the pericycle (Fig. S8I) .
We tested whether lateral root development after manual bending involves auxin-induced ARF7/ARF19-mediated transcription. Two independent lines of arf7arf19 double mutants, msg1-2arf19-1 and nph4-1arf19-1, were used and gave similar results. When six-day-old seedlings were bent manually, 96.6% of WT plants developed lateral roots at the convex side after three days; almost no lateral root was observed in either arf7arf19 double mutant (Fig.  S9 A-C , Table S4 ). However, when, after complete recovery, the root tips of the same seedlings were removed, and roots were again bent and grown for a further 96 h, 50% of arf7arf19 mutant plants developed a lateral root at the convex side of the bend (Fig. S9 D  and E ; Tables S4 and S5 ). Significantly, a lateral root also then emerged from the initial bend, suggesting a primordium had been initiated but failed to emerge. This result supports the hypothesis that specific pericycle cells can be marked as sites of LRI upstream of auxin signaling.
The specific degradation of Aux/IAAs in pericycle cells is necessary for LRI (3) . This degradation is a result of auxin accumulation in the same cells (5) . Auxin accumulation therefore defines the site of LRI, but the mechanisms involved in the selection of this site remain unclear. Here we show that IAA14 is expressed at the site of LRI in pericycle cells in response to an auxin maximum generated by manual bending, and subsequently disappears from dividing lateral root founder cells. We therefore propose that mechanical strain, caused either by gravitropic curvature or by the application of an external force, determines the site of LRI before auxin accumulation.
In the case of gravitropic curvature, auxin accumulation in the pericycle follows a reorientation of PIN1 in the subtending protoxylem cell file. No accompanying lateral reorientation of PIN1 in protoxylem cells was observed. We therefore hypothesize that if the lateral movement of auxin from the protoxylem to the pericycle cell file is significant, it happens either by diffusion or by the specific action of another auxin transport protein. In the case of manual bending, no PIN1 relocalization was observed as it is not expressed in the bent portion of the root tip. However, the fact that a transient bending of the root is sufficient to induce LRI, and that the rate of root growth did not change, suggests that a signaling cascade is initiated by root bending.
Auxin does not induce lateral roots in slr1 at physiologically relevant concentrations (24) , therefore the targeted degradation of specific Aux/IAA proteins mediate auxin's ability to promote lateral root development. However, nuclear auxin signaling through the degradation of IAA14 is not strictly necessary for lateral root formation, as removing the root tip of slr1 plants causes a limited number of lateral roots to appear (23) . Similarly, we have shown that if arf7/19 double knock-out plants are subjected to mechanical strain, either by manual bending or by gravitropic curvature, a lateral root is initiated, but does not develop. Additional evidence that the earliest stages of LRI are independent of Aux/IAAs degradation comes from the observation that nuclei of adjacent pericycle cells move toward each other (an early event of LRI) when IAA17 is stabilized in the pericycle (5). We therefore hypothesize that a second, auxin-independent lateral root-promoting signal either moves from the protoxylem or is generated directly in specific pericycle cells in response to a mechanical stimulus. The fact that lateral roots form upon removal of the root tip in both arf 7/19 and slr1 genotypes suggests that this second signal acts downstream of ARF-dependent gene transcription and is inhibited by a third, mobile signal from the root tip. In this model, subsequent removal of the root tip would release a brake on the development of quiescent, lateral root-marked pericycle cells, resulting in the development of a lateral root. This mobile inhibitory signal originating in the root tip possibly acts to suppress downstream signaling in lateral root formation, for example via regulation of LBD gene function (4) . This auxin-independent signal could mediate the ability of a main root to suppress the growth of lateral roots and influence apical dominance in the root.
The evolutionary relationship between these distinct mechanisms of lateral root regulation (as well as the exact nature of auxin-independent signals) and their relative developmental significance in different species are all areas for further study.
Conclusions
Our data demonstrate that bending causes the initiation of lateral root primordia. Here, we report the earliest observable event of LRI after gravitropic curvature to be a changing polar PIN position in differentiating xylem cells. PIN1 relocalization is followed by auxin-dependent gene expression in the protoxylem. The signaling events between the bending stimulus and PIN1 relocalization are unknown. We hypothesize that these signals are auxin-independent and act on cell polarity. Two further auxin-independent signals affect LRI, both acting downstream of ARF7/19-mediated transcription in the protoxylem pericycle cell file. Removing root tips after mechanically bending arf7/19 double mutants demonstrates that the first is able to promote LRI, and acts antagonistically to the second, a root tip-derived inhibitory signal.
In nature, LRI is closely integrated with a range of environmental stimuli such as water availability, nutrients, pathogens, and symbionts. All of these factors, in combination with the plant's genetic background, influence the shape of the root system, making the control of root architecture an ideal model to study the environmental control of plant development. It is not yet clear whether an ability to develop lateral roots upon bending of the main root confers a selective advantage. But it is tempting to speculate that the efficient exploration of the root's environment or increased anchorage of the plant could be facilitated by such a response. from WT (Col-0) genomic DNA and cloned into pGEM-T, producing AKS49. For WOX-erGFP, the WOX5 promoter region was isolated from AKS49 and cloned in a pGreenII-derived vector, producing WOX5:Gal4VP16-UAS:erGFP (27, 28) ; Seeds were surface-sterilized and sown on solid Arabidopsis medium (AM) (2.3 g/liter MS salts, 1% sucrose, 1.6% agar-agar (pH 6.0) adjusted with KOH). After vernalization for 2 days at 4°C, seeds were germinated under long-day period (16 h light, 8 h darkness).
Materials and Methods

Plant
Hormone Treatment. Six-day-old pPIN::1GFP plants, grown on solid AM (described above), were transferred to solid AM supplemented or not with 1 M IAA or 100 nM N-benzyladenine. After transfer, plants were grown for 48 h or 72 h. Root tips were then removed at an average of 400 m behind the tip.
Immunolocalization. Six-day-old seedlings were rotated through 135°for 5 h, then fixed with 4% paraformaldehyde in PBS (pH 7.3) and used for wholemount in situ immunolocalization according to (29) .
Microscopy. Histological detection of ␤-glucuronidase (GUS) activity was performed according to (30) . Plants were mounted in chloral hydrate:glycerol: water (8:3:1, w/vol/vol). Plants containing fluorescent markers were fixed with 4% formaldehyde and mounted in Prolong Gold antifade reagent containing DAPI (Molecular Probes). For light microscopy samples were observed with a Zeiss Axiovert 200M MOT (Carl Zeiss MicroImaging) for high magnification pictures. Low magnification views were taken with a Zeiss Stemi SV11 Apo stereomicroscope (Carl Zeiss MicroImaging), viewed under differential interference contrast (DIC) optics.
Fluorescent proteins were analyzed with a Zeiss LSM 5 DUO scanning microscope. To monitor GFP and DAPI fluorescence, we used multitracking in frame mode. GFP was excited using the 488 nm laser line in conjunction with a 505-530 band-pass filter. DAPI was excited with the 405 nm laser line and collected using a 420 -480 nm band-pass filter. For VENUS with GFP, both fluorescent proteins were excited using the 458 nm laser line, and the emission was separated using the on-line unmixing feature of the Meta spectral analyzer. Images were analyzed with the LSM image browser (Carl Zeiss MicroImaging) and representative of at least 20 individual plants.
